I. INTRODUCTION
Optical Communications Systems have been considered as an efficient solution to provide high transmission rates with relative low cost. Optical networks are networks that use optical links connected by optical crossconnectors (OXC) [1] . They can be classified in three types: opaque, translucent and transparent. In opaque optical networks, the signal is regenerated in all intermediate nodes of the lightpath for a given sourcedestination pair. In transparent optical networks (also known as all-optical networks), the signal is transmitted entirely in the optical domain, without suffering Optical-Electrical-Optical regenerations. In translucent optical networks, some of the nodes have regenerators and the signal can be regenerated in some of them according to a predefined policy. In this paper, we are considering all-optical networks, since they present a lower cost and the constraints imposed by the physical layer are more severe. It occurs due to the noise accumulation and distortion along the transparent lightpath [2] [3] .
There are two main challenges in all-optical networks: (i) to design an efficient routing and wavelength assignment (RWA) algorithm, which has a direct influence in the network performance, lightpath [2] . These requirements are necessary for providing quality of service (QoS) [4] .
The RWA problem consists in to find a route and to assign a wavelength for each connection request. The RWA process can be classified in two types: static or dynamic [5] . In the static case, the call requests are known in advance and the RWA operations can be performed in an off-line manner.
The main objective is to minimize the number of wavelengths needed to establish the call requests for a given physical topology. In the dynamic case, the target is to minimize the blocking probability, while optimizing the availability of resources. In general, the solution for the dynamic RWA problem is simplified by decoupling the problem into two separate sub-problems: the routing (R) and the wavelength assignment (WA) [5] . The performance of a dynamic RWA algorithm can be assessed in terms of the blocking probability (BP), which assesses the chance of failure in the implementation of a given network request. It can occur due to the lack of resources or inadequate quality of transmission (QoT) of the lightpath [4] .
Several solutions can be found in the literature for solving the routing problem in optical networks.
In general, they are classified in three types: fixed routing, fixed-alternative routing and adaptive routing. The fixed routing algorithms always choose the same route for a given source-destination pair. The fixed-alternative routing algorithm chooses a route from an ordered list of fixed routes depending on a predefined policy. The adaptive routing algorithms consider the current network state to determine the routes [5] .
Some examples of routing algorithms proposed in previous works are: Shortest Path (SP) [6] , Minimum Hop (MH) and Least Resistance Weight (LRW) [7] . In the SP algorithm, the route is defined based on the minimum total physical link length. The MH algorithm finds the physical route with the minor number of optical links. The LRW algorithm finds the routes based on the wavelength availability aiming to distribute the load over the entire network. One must observe that the LRW algorithm uses the current information of the network i.e. adaptive algorithm, whereas the two formers are fixed routing algorithms.
Another relevant aspect of the RWA is the wavelength assignment algorithm (WA). There are some well known WA algorithms, such as: First-Fit (FF), Random Pick (RP), Least Used (LU), Must Used (MU) and Distributed Relative Capacity Loss (DRCL) [5] . In this paper, we are considering the MU algorithm. The MU algorithm selects the most used wavelength in the entire network and it keeps the spare capacity of less-used wavelengths. We selected the MU algorithm to be deployed in this paper since it is simple and presents a good performance for WDM networks.
Recently, we have proposed an adaptive-alternative routing algorithm for optical networks, called NrPSR [8] . The NrPSR algorithm finds the Nr routes that present the lower cost, which are evaluated based on a cost function expanded in a power series [9] . Then, it chooses one of them based on a predefined policy. In this paper, we propose two alternative policies based on the Optical Signal-to-Noise Ratio (OSNR). In the first proposal, named NrPSR(OSNR JE ), we select the route that presents the lower OSNR that attends the Quality of Transmission requirements. In the second approach, named NrPSR(OSNR MAX ), we select the route that presents the higher OSNR.
The rest of the paper is organized as follows. In section II, we present some related works and a description of the NrPSR algorithm. In section III, we describe our proposals, the NrPSR(OSNR JE ) and
NrPSR(OSNR MAX ).
In the section IV, we detail the simulation setup and the parameters used in the simulations.
In section V, we analyze the performance of our proposals and compare them to other policies for the NrPSR algorithm and some other well know routing algorithms. In section VI, we give our conclusions.
II. RELATED WORK
In this section, we review some contributions that are closely related to this work. Xavier et al. [8] proposed an adaptive-alternative routing algorithm to solve the RWA joint problem in optical Yen [10] proposed an efficient algorithm to find the N r paths with lower cost from a source node to a destination node. This algorithm is more efficient then other approaches because its computational upper bound increases linearly with the N r value.
After finding the set of candidate routes to attend to a connection request, the algorithm NrPSR evaluates each route and selects one of the Nr routes according to a predefined policy. Xavier et al. [8] proposes the analysis of three policies: Capacity Loss (CL), Minimum Wavelength Matching Factor (MinK) and Maximum Wavelength Matching Factor (MaxK).
Chaves et al. proposed two approaches to solve the routing problem in transparent optical networks:
Physical Impairment Aware Weight Function (PIAWF) [11] and Power Series Routing (PSR) [9] .
Both algorithms use an adaptive link weight function that considers two simple network information to consider the physical layer impairments. The PSR proposes an expansion in a power series to evaluate the cost of a link during the calculations of the routes. The first step is to choose the input variables for the cost function. They used the link availability and the link length. The second step is to describe the cost function in terms of a power series in agreement with the chosen parameters [9] , as depicted in equation (3). The PSR uses the Particle Swarm Optimizer (PSO) [12] . The coefficients are calculated in an offline manner, i.e. before the network operation. We also chose to use the PSO algorithm because it can tackle optimization problems in hyper-dimensional search spaces with continuous variables.
The PSO is a population based algorithm and was proposed by Kennedy and Eberhart in 1995 [12] .
Each particle l has a position in the search space, that represents a possible solution for the problem. (5) and (4), respectively. Algorithm 2 depicts the pseudocode of the PSO algorithm.
in which  is the constriction factor [12] . IV. SIMULATION SETUP We used the SIMTON simulation tool [13] to estimate the blocking probability for the RWA algorithms. The SIMTON uses the physical layer model described in [4] . For each network simulation, we run a set of 10 5 calls randomly generating the source-destination pairs for each connection request. The connection request process is characterized as a Poisson process and the time duration for each established lightpath is characterized by an exponential process. After the selection of a route, if this route is not able to attend to the connection request, either because of lack of resources or inadequate QoT, the connection request is blocked.
We used two topologies in our simulations. The first is the Pacific Bell, shown in Fig. 1 , and the second is the Finland, shown in Fig. 2 . We assume circuit-switched bidirectional connections in two optical fibers and no wavelength conversion capabilities. The blocking probability is evaluated as the ratio between the number of blocked connection requests and the total number of connection requests.
The physical layer impairments considered in this paper are: the ASE (Amplified Spontaneous Emission) and the gain saturation effect in the amplifiers, the PMD (Polarization Mode Dispersion) in the transmission fiber and the crosstalk in the OXC. The optical parameters used in the simulations are shown in Table I , where: P sat is the amplifier output saturation power; OSNR in is the OSNR of the transmitters; P laser is the output power of the transmitters; OSNR QoS is the minimum OSNR for QoT criterion; B is the transmission bit rate; B o is the optical fiber bandwidth; W is the number of wavelengths per link; Δf is the channel spacing; λ i is the lower wavelength of the grid; λ 0 is the zero dispersion wavelength; λ 0RD is the zero residual dispersion wavelength; α is the fiber loss coefficient;
L Mux is the multiplexer loss; L Demux is demultiplexer loss; L Switch is the optical switch loss; NF is the amplifier noise figure; ε is the switch isolation factor; δ is the maximum pulse broadening; D PMD is the PMD coefficient; S DCF is the compensating fiber slope; and S Tx is the transmission fiber slope.
The coefficients Table II . In order to evaluate the blocking probability of a given particle, we simulated a set of 10 5 calls. We used N=5, where N is the number of terms used in the PSR cost function. We used the MU as the wavelength assignment algorithm. The number of pre-selected routes for the NrPSR is Nr=3. V. SIMULATION RESULTS In this section, we present the simulation results for the network blocking probability as a function of the traffic load and we perform a load distribution analysis for all investigated RWA algorithms in order to verify the robustness of the algorithm to deal with load variations along the time.
A. Training Phase
The NrPSR requires a training stage to find the optimized 1 0 ,n n b coefficients. We executed the PSO to perform the optimization. Fig. 3 and Fig. 4 show the PSO convergence trace for the PSR algorithm and for four different policies used in the NrPSR: (CL), (MaxK), (OSNR MAX ) and (OSNR JE ), for topologies Pacific Bell and Finland, respectively. One can observe that the algorithms converge very fast and the NrPSR(OSNR JE ) algorithm obtained the better performance in terms of blocking probability. 
C. Load distribution analysis
In the simulated case shown so far, our proposed algorithm outperformed others routing algorithms.
The results shown in Fig. 5 and We used the Wilcoxon non-parametric statistical test [14] with a significance level of 1%. The results indicated that the results obtained by the NrPSR(OSNR JE ) algorithm are statistically significant when compared to the results achieved by the other algorithms. Therefore, at least for these two cases, the NrPSR(OSNR JE ) algorithm is the most robust algorithm to deal with load distribution fluctuations.
VI. CONCLUSIONS In this paper we presented two novel policies to select the lightpath for an adaptive-alternative impairment-aware routing algorithm for all-optical networks, called NrPSR(OSNR JE ) and NrPSR(OSNR MAX ). We performed simulations in the Pacific Bell and Finland topologies using the Most used WA algorithm. We used a physical impairments evaluation model based on ONSR to consider the following impairments: ASE noise generation, optical amplifier gain and ASE saturations and OXC crosstalk.
We compared our proposals to other well known routing algorithms in two different scenarios and we demonstrated that NrPSR(OSNR JE ) outperformed all the others in both scenarios. We also demonstrated that the performance of our proposal is not mitigated if the network traffic load distribution changes, which may occur along the time in real world networks.
Both NrPSR(OSNR JE ) and NrPSR(OSNR MAX ) algorithms require a training stage to determine the .
